A genetic screen for mutant alleles that suppress phenotypic defects caused by a mutation is a powerful approach to identify genes that belong to closely related biochemical pathways. Previous methods such as the Synthetic Genetic Array (SGA) analysis, and random mutagenesis techniques using ultraviolet (UV) or chemicals like ethyl methanesulfonate (EMS) or N-ethyl-N-nitrosourea (ENU), have been widely used but are often costly and laborious. Also, these mutagen-based screening methods are frequently associated with severe side effects on the organism, inducing multiple mutations that add to the complexity of isolating the suppressors. Here, we present a simple and effective protocol to identify suppressor mutations in mutants which confer a growth defect in Schizosaccharomyces pombe. The fitness of cells with a growth deficiency in standard rich liquid media or synthetic liquid media can be monitored for recovery using an automated 96-well plate reader over an extended period. Once a cell acquires a suppressor mutation in the culture, its descendants outcompete those of the parental cells. The recovered cells that have a competitive growth advantage over the parental cells can then be isolated and backcrossed with the parental cells. The suppressor mutations are then identified using whole-genome sequencing. Using this approach, we have successfully isolated multiple suppressors that alleviate the severe growth defects caused by loss of Elf1, an AAA+ family ATPase that is important in nuclear mRNA transport and maintenance of genomic stability. There are currently over 400 genes in S. pombe with mutants conferring a growth defect. As many of these genes are uncharacterized, we propose that our method will hasten the identification of novel functional interactions with this user-friendly, high-throughput approach.
Introduction
The basis of understanding functional links between genes relies on the ability to identify the molecular mechanism(s) by which complex genetic traits diverge to produce diverse phenotypes 1 . In the fission yeast, Schizosaccharomyces pombe (S. pombe), the majority of protein-coding genes are dispensable for viability 2 . This result does not speak to the unimportance of these genes, but rather to the intricate compensatory mechanisms underlying the biochemical pathways to which such genes belong. Dissecting these compensatory mechanisms has generated epistasis maps, which have uncovered comprehensive genetic interactions and broadened our understanding of functional biochemical pathways 3, 4 .
High-throughput methods (e.g., Synthetic Genetic Array analysis, or SGA) have been developed to identify genome-wide genetic interactions in budding yeast, and have been expanded for use in fission yeast 5, 6 . Such approaches often rely on a library of strains containing all viable single protein-coding gene deletions (around 3,300 haploid deletion mutants covering over 92% of the fission yeast genome), and require a robotic arm to perform the genetic crosses between the strain of interest and all possible strains in the library6. Further, SGA techniques depend on the ability of library strains to have proper and efficient mating, a phenotype that is abnormal to 444 currently characterized genes in S. pombe 2 
.
Despite the complexity of genetic interactions, comparing the phenotype of a strain carrying mutations in two genes to the phenotype of two strains carrying individual mutations of each gene can have one of two notable outcomes: 1) The double mutant phenotype is worse than the expected multiplicative parental phenotypes in the form of sickness or, in the most extreme case, lethality. This is referred to as a negative genetic interaction, and is generally a sign that the two genes act in parallel biological pathways. 2) The double mutant phenotype is better than the expected combination of parental phenotypes, also known as a positive genetic interaction. A positive genetic interaction is particularly interesting because it indicates that these genes function in the same process. Two positively interacting genes have three potential relationships: a mutant gene may up-regulate the expression of the other gene in a parallel pathway, the two genes may work in concert within the same pathway downstream of one another, or the two genes encode proteins that interact directly with each other. Therefore, positive genetic interactions can be used to map gene regulatory nodes and classify uncharacterized genes in biochemical pathways . Suppressor mutations on a different locus from that of the mutation they suppress are known as extragenic suppressors. They are especially valuable in studying non-viable genetic mutations by synthetically rescuing the lethal phenotype (also known as the Lazarus effect) 11 . They also have potential therapeutic applications in treating hereditary diseases 12, 13 . For all of these reasons, the identification of suppressor mutations in various model organisms has been widely utilized to facilitate our understanding of various biochemical pathways 14, 15, 16 . Screening for suppressors is usually based on the phenotype of the mutation in question and requires conducting random mutagenesis to isolate the mutations that would alleviate the phenotype. Almost all model organisms have established random mutagenesis methods. For example, N-ethyl-N-nitrosourea (ENU) and ethylmethanesulfonate (EMS), two mutagens that are capable of inducing point mutations in DNA, are widely employed in various models from bacteria to mice 17, 18, 19 . In addition, manganese chloride has long been used in yeasts for the ability of the manganese cation to inhibit DNA repair pathways 20 . Another common approach is UV-induced mutagenesis, which generates genome-wide mutagenic pyrimidine dimers 21, 22 .
Although the utilization of chemical mutagenesis to identify suppressor mutations has been popular, the method has many drawbacks, including the use of dangerous chemicals, highly variable success rates, and the introduction of extra confounding variables presented by the negative side effects of the mutagen on multiple cellular processes 23, 24 . Additionally, chemical mutagenesis often induces multiple mutations in the genome which adds to the complexity of using genetic and sequencing techniques to identify the exact mutation that conferred the suppressor phenotype in the organism 25 .
To address the shortcomings of current mutagenesis approaches, we present a method to screen for spontaneous suppressor mutations in fission yeast that does not rely on any mutagens or a deletion library. The method isolates suppressors through a positive selection assay. The principle of this method is based on the growth advantage of the mutated suppressor subpopulation in the liquid culture, which can be monitored by an automated plate reader. Mating and meiosis are used only if one would like to clean up the genetic background or confirm the presence of monogenic alleles of suppressors before whole-genome sequencing. If the suppression phenotype is caused by a single mutation, the suppressor phenotype will segregate 2:2 after backcrossing with the parental strains. The suppressor mutations can then be identified using whole-genome sequencing. We propose that this method is applicable for screening suppressors in all microorganisms that can grow to a large population in liquid culture.
Protocol

Strain construction and preparation
1. Generate a mutation or a deletion of the gene (yfm, your favorite mutation) using standard site-directed mutagenesis (SDM) as described previously 26 . 2. Before starting the screen, (optimally) backcross the mutant strains with a wild-type strain to clean the genetic background and generate fresh-born mutant cells as the parental strains. Streak the parental strain to individual colonies on standard rich media plates. Randomly pick eight to sixteen independent colonies (biological replicates) with the desired mutations for the plate reader assay (see 3.1). NOTE: This protocol is effective only when the parental strains have a growth defect in liquid media (minimal or rich, with or without drug, or with temperature shifts that cause the growth defect). All parental strains should be haploid and thus able to be genetically crossed with other haploid strains with a complementary mating type.
Plate reader assay
1. With a sterile applicator, take a small amount of each of the colonies prepared in step 1.1 (no exact amount necessary to inoculate the starting culture) and place in a 96-well polystyrene microplate. Suspend each of the colonies in 200 µL of appropriate liquid media (rich or minimal, with or without drug). Include a blank well for every row on the plate containing 200 µL of the same media (no cells). 2. Run the following protocol on a plate reader detection software connected to an automated microplate-reader: Set a kinetic program for 24 h and temperature at 30 °C, with continuous fast orbital shaking (425 cpm, 3 mm amplitude). Set the optical reads to measure light scatter at a wavelength of 600nm for optical density, and set the light to read from below the plate at a reading frequency of 2 min (721 total reads over a 24-h period per well). 3. After 24 h, record the final blanked optical density readings (blanked OD600) and use the following formula to determine the volume needed to dilute each of the samples down to O.D. = 0.1:
1. From the last day of the plate reader assay (step 2.4), save the liquid cultures that have a noticeably recovered growth rate, presumably by gaining a suppressor mutation that can alleviate the phenotype of the parental mutation. Transfer and mix 250 µL liquid culture to a cryotube containing 250 µL of 50% glycerol. Flash freeze the cells in liquid nitrogen and save the strains in -80oC indefinitely. 2. To confirm that the suppressor mutation is a genetically heritable element, use standard genetic crossing methods to cross yfm P (for parental, the strain used at the beginning of the plate reader assay) with yfm S (for suppressor, the strain saved at the end of the plate reader assay). If the suppressor mutation is indeed a genetically heritable element, yfm P × yfm S should yield tetrads in which two colonies have the sickness phenotype of the parental strain and two colonies have the recovered growth rate of the suppressor strain. 3. From the cross of step 3.2, pick three colonies with the suppressor phenotype (S strain) and three colonies with the parental phenotype (P strain) from the same genetic cross (3 biological replicates for each), and proceed with the genomic DNA extraction and sequencing steps below. NOTE: Steps 3.2 and 3.3 are highly recommended, but are not required. Alternatively, one can spread recovered liquid culture collected from 3.1 on rich medium into single colonies, then randomly pick three colonies as biological triplicates for whole-genome sequencing without further genetic confirmation. In this case, three biological triplicates of parental strain should be used for genomic sequencing comparison.
4.
Genomic DNA extraction, library production and sequencing.
1. For DNA extraction, library preparation, and sequencing, randomly pick three biological replicates per yfm P strain, and three biological replicates of each individually arisen yfm S strains from the genetic crosses (step 3.2) or from the plates that have been spread to obtain single colonies of the S strain (step 3.3 note). Table of Materials) per manufacturer's recommendations to prepare the whole-genome sequencing library.
NOTE: We recommend the kit listed in the Table of Materials because it allows the construction of the genomic library without PCR amplification, which minimizes error mutations generated during PCR amplification. In addition, during the genomic library preparation, do not allow the beads to fully dry by shortening the bead drying time to 1-2 min. 11. For shearing parameters during the library preparation, use a focused sonicator (see Table of Materials) and set the duty factor to 20%, peak power to 175 W, with 200 cycles per burst, and frequency sweeping mode at 5.5oC to 6 °C for 45 s. Alternatively, use a DNA and chomatin shearing system (see Table of Materials) with the following settings: 50% amplitude at 4 °C with pulse mode, 15 s on and 15 s off for 10 min, with a total processing time of 20 min. 12. It is essential to handle the hazardous materials used in this step with care. Consult the appropriate Material Safety Data Sheets and institution's Environmental Health and Safety Office for handling NaOAC, ethanol, 25:24:1 phenol:chloroform:isoamyl alcohol and chloroform. 13. Sequence the resulting genomic libraries. The entire sequencing reads should cover at least three times of the entire genome with the resolution at a single nucleotide range. Paired-ended sequencing (or latest technology) is recommended.
Bioinformatics analysis for the identification of the suppressor mutations
1. Perform the bioinformatics analysis to focus on the genomic changes that are consistently identified between parental and suppressed yfm strains in all biological replicates. NOTE: The complete pipeline process is described below, but, additionally, two plain-text BASH-script files, fastq_to_vcf.sh and vcfprocess.sh, are included as supplemental materials to show examples of the workflow from processing of reads to VCF variant files and processing and intersection of the VCF files, respectively. 2. Trim short-reads using SHEAR (https://github.com/jbpease/shear) following the command lines (all other options default):
shear.py --fq1 $FASTQ1 --fq2 $FASTQ2 --out1 $OUTFQ1 --out2 $OUTFQ2 \ --barcodes1 $BARCODE --platform TruSeq --trimqual 20:20 \ --trimpolyat 0 --trimambig --filterlength 50 --filterunpaired 3. Map reads to the S. pombe reference genome v2.30 obtained from PomBase (ftp://ftp.ebi.ac.uk/pub/databases/pombase/pombe/ Chromosome_Dumps/fasta/) using BWA v0.7.15 27 . Use the following command line (all other options default): bwa mem -t 8 $GENOME $OUTFQ1 $OUTFQ2 > $SAM1 4. Put alignment SAM files through GATK best practices pipeline 28 for variant calling using GATK v3. . Use the following command lines and parameters (all other options left default): bcftools isec -n+1 $VCFPARENTAL1.gz $VCFPARENTAL2.gz $VCFPARENTAL3.gz \ $VCFMUTANT1.gz $VCFMUTANT2.gz $VCFMUTANT3.gz > common_variants.list NOTE: This command yielded a file encoded with binary patterns where sequence variants appearing in the first mutant only would be binaryencoded as "000100", the second mutant only as "000010", all three mutants as "000111," etc. These files were generated for each set of parental and mutant replicate VCF files. 7. Compile the variant intersection list files together with the file name appended to each line using the UNIX grep command:
grep "." *.list > all.list 8. Cross-reference the complete variant list with the current GFF3 annotation file (ftp://ftp.ebi.ac.uk/pub/databases/pombase/pombe/ Chromosome_Dumps/gff3/schizosacchar omyces_pombe.chr.gff3) using a custom Python script (variant_characterize.py) to identify consistent SNP sites in protein-coding regions (synonymous and non-synonymous), 5′ and 3′ UTRs, and ncRNA. python3 variant_characterize.py --list common_variants.list \ --gff schizosaccharomyces_pombe.chr.gff3 \ --fasta Schizosaccharomyces_pombe.ASM294v2.30.dna.genome.fa \ --pattern 000100 --out all.list.filter.000100 Repeat this script modifying the --pattern and the suffix of the output file (--out) using the binary patterns: 000010, 000001, 000110, 000011, 000101, and 000111 9. Combine the output from all these script runs in a tab-separated file, to be viewed as a spreadsheet. The annotated table of variants includes those that appear in either one or both mutant strain(s) relative to the background. The binary flag field denotes either appearance in a single mutant strain (000100, 000010, 000001), two mutant strains (000011, 000101, 000110), or all three mutant strains (000111). 10. Analyze the output annotated lists of variants not found in the parental samples, but found in one, two, or all three mutant samples. The annotation denotes both the genomic location and class of variant (synonymous/non-synonymous in a coding region, 3'/5' UTR, noncoding, etc.). From this list of candidate mutations, an example of a strongly relevant candidates might be a non-synonymous coding variant appearing consistently in all three strains. Another type of strong candidate would be an accumulation of various non-synonymous or putative regulatory mutations in the mutant strains appearing close together or within the same gene.
Representative Results
Slow-growing mutants show phenotypic recovery in liquid culture
We selected three mutants involved in a variety of biological pathways with a sick, slow-growing, phenotype: AAA family ATPase Elf1, Histone Deacetylase Clr6, and Exon Junction Complex component Fal1. A wild-type strain and strains carrying mutations of these three genes that had been backcrossed with wild-type strains were streaked to individual colonies, and 16 single colonies were randomly selected to be cultured in rich liquid media using the 96-well plate as described above. Growth curves of individual colonies were recorded at the initial time point (day 0) and for 6 days with continuous monitoring using the plate reader. As expected, wild-type colonies show no noticeable changes in their growth curves throughout the experiment 31 ( Figure 1) . Notably, four colonies with the elf1∆ background and one fal1∆ colony show a dramatic shift in growth from slow-growing to some varying levels of growth similar or close to that of wild-type colonies. Dramatically, all clr6-1 mutants show a consistent phenotypic recovery, growing at a faster rate by the end of the assay 31 ( Figure 1) . To characterize the different phenotypes, we refer to the original strains that are slow-growing as "P strains" (or parental strains) and to the strains showing phenotypic recovery as "S strains" (or suppressed strains). Please note that Figure 1 is an example of one round of the screening experiment, and does not represent the total noncomplementary suppressors identified and sequenced in the following representative results.
Phenotypic recovery is attributed to heritable traits S. pombe can grow as a haploid in rich media, but two haploid strains with complementary mating types mate under nitrogen starvation. Meiosis in fission yeast entails a round of duplication followed by two rounds of cell division. The sexual cycle results in the formation of four haploid spores carrying the genetic material of the parental strain with 2:2 segregation of genetic traits following the rules of classical Mendelian genetics (Figure 2A) . When grown on the same plate for the same amount of time, we confirmed the 2:2 segregation when back-crossing all suppressed strains (S strains) with their parental strains (P strains), which resulted in 2 small (growth defect) and 2 large (suppressor phenotype) colonies. Individual examples for suppressed elf1∆, clr6-1 and fal1∆ cells are shown in Figure 2B . We have confirmed that all isolated S strains carry a monogenic genetic element that suppresses the slow-growing phenotype of their P strains (data not shown).
Whole-genome sequencing successfully identifies suppressor mutations
As an example, we used paired-end whole genome sequencing to identify the genetic elements responsible for the phenotypic recovery in elf1∆ S strains. A more complete description of data analysis is available online 31 . Briefly, we employed biological triplicates of two independently generated elf1∆ P strains and biological duplicates of five non-complementary groups of elf1∆ S strains, each of which contains different suppressors. After we obtained a list of annotated variants from bioinformatics analysis (6.1-10), we prioritized certain classes of variants that were relevant to our analysis. We focused on identification of consistent genomic changes that were identical in all of the biological replicates of individual elf1∆ S strains compared with their parental elf1∆ P strains (Figure 3 and Supplemental Tables 1-4) . We identified five nonsynonymous changes at CDS regions in all five different elf1∆ S strains, including rli1+, SPBPJ4664.02, cue2+ and rpl2702+. Both S-A1 and S-A2 contain mutated SPBPJ4664.02, although the mutations occur at different amino acids. Because SPBPJ4664.02 is a long gene (11, 916 nucleotides) with hundreds of repeats, the mutations were unable to be confirmed by performing PCR followed by sequencing. S-A3 contains Results from whole-genome sequencing were confirmed by independently generating the mutations and performing genetic crosses to confirm the phenotypic recovery by crossing an elf1∆ cue2-1 strain with an elf1∆ P strain, and elf1∆ rpl2702-1 with elf1∆ P strain. Three representative vertical tetrads are shown. Red boxes are double-mutant colonies (elf1 cue2-1, or elf1 rpl2702-1); blue boxes are elf1∆ colonies. This figure has been modified from Marayati et al., 2018 31 . Please click here to view a larger version of this figure. 
Supplemental
Discussion
The protocol described here represents a novel and simple screen for spontaneous suppressor mutations detectable through phenotypic recovery of mutations conferring slow growth in fission yeast, a phenotype characteristic of over 400 genes in S. pombe, the function of many of which remains unknown 2, 32 . Previous methods have taken other approaches to screen for suppressor mutations in microorganisms, including the use of mutagens 21 , or the application of a temperature shift in temperature-sensitive mutant backgrounds 33 . In contrast, this protocol shows that phenotypic recovery occurs without additional environmental/chemical interference and highlights the fitness advantage of the rise of suppression mutations eventually taking over the resources available in liquid culture. This screen allows the isolation of both bypass suppressors or interaction suppressors because it is effective for both loss-of-function mutations such as elf1∆ or fal1∆ and point mutations such as clr6-1, as long as the mutants demonstrate fitness defects in liquid culture.
So far, all recovered S strains that we have investigated have demonstrated varying degrees of phenotypic recovery. As detected through genetic crossing, the recovered phenotype is attributable to a single genetic element and is heritable (examples shown in Figure 2 ). This is one of the most significant advantages of this method compared to chemical-based or UV-based suppressor screens, which often target multiple genomic loci. It is common to observe one or two colonies recovered out of 16 colonies/strain (around 10%) within a week. However, we did notice that certain mutants, such as the loss-of-function of Rrp6, the nuclear-specific exosome subunit, never recovered to the almost wild-type growth rate . It is likely that the function of Rrp6 can only be partially compensated by suppressors, unlike the function of the other mutants tested, including fal1∆, which was shown to cause a severe meiotic defect through its important function in regulatory splicing 34 . We believe that alternative suppressor screening methods would be subject to the same problem when yfg has unique, non-replaceable roles in cell growth.
Before performing genomic sequencing, it is optimal to back-cross the phenotypically recovered colonies, identified from the plate-reader, with the parental strains to clear the genetic background and obtain biological replicates. In addition, deep whole-genome sequencing identifies hundreds of single nucleotide changes, most of which are not identical between biological replicates that are of little interest for the screening. For example, we found a total of 660 genomic alterations across all three chromosomes between the two elf1Δ P and the five different S strains (Figure 3) . We did not commonly observe identical mutations between sequenced biological replicates of each strain, suggesting that either new mutations may arise during the culturing of elf1Δ cells before genomic library construction or random errors may be introduced during the library construction and sequencing. Hence, isolating mutations that are consistent across biological replicates is an important aspect in the successful identification of suppressors using whole-genome sequencing.
We identified and confirmed two suppressors in CDS regions in five sequenced S strains. Although mutations in SPBPJ4664.02 were detected in both S-A1 and S-A2 strains, it is unlikely that SPBPJ4664.02 is a valid suppressor because S-A1 and S-A2 do not contain a suppressor on the same gene as they are not complementary with each other (data not shown). We also did not confirm rli1 in S-A3, which did not co-segregate with the S phenotype when backcrossed with elf1Δ. Alternatively, we found specific mutations in non-coding regions in S-A1, S-A2 and S-A3. It is possible that these altered non-coding genomic regions alleviate the elf1Δ phenotype, which will be addressed in our future studies. Compared to traditional methods such as a linkage assay, which may take years to map a genetic mutation, we identified two suppressors within two months after confirming that a monogenic element caused the S phenotype. With the fast development of whole-genome sequencing technology, we are optimistic that this method will be more efficient to identify consistent genetic mutations in the foreseeable future.
In summary, this protocol provides step-by-step directions to successfully identify suppressor mutations for any gene of interest with a slowgrowing defect in liquid culture. The simplicity of this assay allows for the large-scale screening of multiple genetic backgrounds of interest with little hands-on training. There is room to further automate the process by using a liquid handling robot to perform the daily dilutions. Since laboratory manipulation of microorganisms inevitably requires growth in liquid culture, a process that is inherently selective for fitness, we propose that this protocol can be broadly applied to other large-population model organisms such as bacteria and other yeast species.
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